Combining cooperative communications and opportunistic routing, an opportunistic cooperative packet transmission scheme is proposed to enhance the end-to-end performance of the wireless multi-hop networks. The proposed scheme divides the multi-hop route into multiple virtual multiple-input-multipleoutput (MIMO) transmissions. Before each transmission, based on the idea of opportunistic routing, a cluster head (CH) is introduced to determine the multiple transmitters and multiple receivers within the transmission range of CH. Then, the CH organizes the cooperative packet transmission, in which multiple transmitters cooperatively beamform to multiple receivers simultaneously. According to the transmission results, update the CH node and start the new cooperative transmission. Iteratively, the transmission lasts until the destination has successfully received the packet. The simulation results demonstrate that the proposed opportunistic cooperative packet transmission scheme is effective on increasing the number of successful packet transmission, shortening the end-to-end transmission delay and improving the packet arrival ratio and transmission efficiency in comparison with other existing routing schemes.
I. INTRODUCTION
In recent years, the rapid development on the low-latency, ultra-reliability transmission in the future 5G system provides a promising direction for the wireless self-organizing multihop network where each node is equipped with a wireless transceiver to exchange data with other neighboring nodes, and, when necessary, to route packets via neighboring nodes to destinations that are not within direct communications [1] - [3] . However, it is difficult to guarantee the end-to-end performance of packet transmission such as transmission delay and packet delivery ratio because of the infrastructure-less property and the unstable nature of the wireless medium. Moreover, the nodes in the general multi-hop network like wireless sensor network or ad hoc network are usually power-constraint, so that the energy-efficient routing is especially important. To address these problems, the cooperative communication [4] and opportunistic routing [5] are proposed to increase the reliability and efficiency of end-to-end transmission by utilizing the broadcast advantage of wireless communications and creating diversity gains.
Cooperative communication in multiple-hop network can effectively mitigate wireless fading and improve reliability of wireless networks by allowing several single-antenna nodes to collaborate with each other and forward each node's packet to the intended destination node [6] . There have been numerous studies [7] - [11] on cooperative communication. Most of the existing cooperative routing schemes are implemented by finding the shortest path first and then improving the performance using cooperative techniques, like the energy-balanced cooperative routing (EBCR) [7] , CwR [8] and the cooperation along the minimum energy non-cooperative path (CAN) [9] schemes. Some other cooperative routing schemes select the entire route from the initial source to the final destination taking the cooperation into consideration, like the contentionaware cooperative routing (CCR) [10] and the lifetime maximization cooperative routing with truncated automatic repeat request (LMCRTA) [11] schemes. The packet transmission under the previous cooperative routing schemes is always performed based on one or more optimized fixed routes, which can improve the end-to-end performance to a certain extent compared with the conventional energy-efficient noncooperative schemes, like the minimum total energy routing (MTE) [12] and the flow augmentation (FA) [13] schemes. However, the packet transmission over a preselected good path still inevitably results in some unnecessary retransmissions, which further lowers the end-to-end packet arrival ratio.
Opportunistic routing [5] is proposed to support the transmission without a fixed path and overcome the unreliable wireless links by exploiting the broadcast nature of wireless transmissions and path diversity. In contrast with the optimal path based routing, the current studies on opportunistic routing, like the geographic random forwarding (GeRaF) [14] , the extreme opportunistic routing (ExOR) [15] , and the quality of service aware geographic opportunistic (EQGOR) [16] allow multiple neighbors to overhear the transmission, and select a best node which has successfully received the packet to forward data, which greatly improves the transmission reliability. However, the packet transmission in these opportunistic routing schemes is equivalent to an iterative broadcast process, where only the best node is selected as the forwarder while the most nodes that have received the packet cannot participate in forwarding packets, which lowers the end-to-end transmission efficiency and still remains to be improved.
Recognizing the shortcomings of the two approaches, in this paper, we propose an opportunistic cooperative pack-et transmission (OCPT) scheme to improve the end-to-end performance. Combining the cooperative transmissions and opportunistic routing, the proposed scheme divides the multihop route into multiple virtual multiple-input-multiple-output (MIMO) transmissions. Before each transmission, based on the idea of opportunistic routing, a cluster head (CH) is introduced to determine the multiple transmitters and multiple receivers within the transmission range of CH. Then, the CH organizes the cooperative packet transmission, in which multiple transmitters cooperatively beamform to multiple receivers simultaneously. According to the transmission results, update the CH node and start the new cooperative transmission. Iteratively, the transmission lasts until the destination has successfully received the packet. On the one hand, based on the opportunistic routing, the proposed scheme introduces the role of CH as the organizer of cooperative communication which reduces the unnecessary retransmission resulting from the packet loss and enhances the high reliability of end-to-end transmission. On the other hand, the multi-hop communication is divided into multiple virtual MIMO transmissions, which improves the transmission efficiency per hop.
II. SYSTEM MODEL AND CONVENTIONAL SCHEMES

A. System Model
We consider a wireless network consisting of N nodes arbitrarily distributed in an area, where each node is equipped with a single omnidirectional antenna. These nodes can selforganize to form a multi-hop network. Define the whole network as a connected undirected graph G = (V, P), in which V is the set of nodes and |V| = N is the number of nodes. All the bi-directional wireless communication links between two nodes are grouped into the set of links denoted as P. For any two nodes i, j ∈ V, d i,j denotes the distance between them. Set R as the transmission radius of one node. Only when d i,j ≤ R, node i can directly communicate with node j, i.e., P i,j ∈ P. Time is divided into sessions. The topology of network is assumed to be changing slowly, or keep fixed during a communication session, and each node has the knowledge of the whole topology information including the exact locations of all nodes, which can be acquired in the process of network initialization.
Suppose that there is a random source-to-destination pair (V s and V d ) generated during each session, and V s will initiate a data packet transmission to V d . It is assumed that all the nodes can always hold time synchronization, and a singlehop packet transmission takes one time slot. The end-to-end delay can be measured with the total transmission times, i.e., the total time slots consumed during the session. Furthermore, similar to the previous studies [8] - [11] , it can be assumed that for any two neighbor nodes i, j ∈ V, P i,j ∈ P, the channel state information (CSI) can is available at the transmitter, and the transmission of control signal keeps always reliable. Supposing that node i has a data packet X to transmit to its neighbor node j, i, j ∈ V, P i,j ∈ P, set P t as the maximum transmitting power for node i, and γ j denotes the receiving signal-noise-ratio (SNR) at node j. The packet loss probability p i,j between node i and j is modeled as a function of γ j .
The channel between any two nodes is a Rayleigh block fading with additive white Gaussian noise (AWGN) [19] . Let h i,j denote the complex channel gain between node i and j. We assume that E[|h i,j | 2 ] is inversely proportional to d α i,j , where α is the path loss exponent.
B. Conventional Schemes
This section introduces serval conventional routing schemes including two types: optimal path based routing schemes like MTE [12] , FA [13] , LMCRTA [11] and opportunistic routing scheme like ExOR [15] . Given the source V s and destination
Set the energy cost in transmitting a packet as E t , the conventional schemes are outlined as follows.
1) Optional Path based routing scheme: Considering that only finite end-to-end transmission delay can be afforded in practice, the maximum number of automatic repeat request (ARQ) retransmissions has to be bounded [17] , therefore, referring to [11] , the maximum retransmission attempts are set to be one. Under this condition, three conventional schemes are introduced.
MTE transmission scheme [12] denotes C i,j as the cost of link P i,j , C i,j = (1 + p i,j ) E t , which is defined as the expected transmission energy to achieve packet transmissions between node i and j [11] . Once node j fails in receiving the packet after the retransmission, the packet will be dropped, and declared as a failed packet delivery.
If we consider a route r = {r 1 (V s ), r 2 , ..., r K (V d )} , r ∈ Ω (V s , V d ) with K wireless hops, the total energy cost will be
The conventional MTE routing scheme is generally designed to find an optimal routing path with the minimum total energy cost, i.e.,
FA transmission scheme [13] considers the normalized residual energy of transmitting node in calculating the link cost, i.e., the total energy cost can be given as
where E r k is the residual energy of node r k at current time, E 0 is the initial energy of node r k , and x 1 , x 2 , x 3 are parameters that govern the effect of normalized residual energy. Similarly, the scheme selects the routing path with the minimum total weighted energy cost.
LMCRTA transmission scheme [11] adds a cooperative node u for each link P i,j on the basis of FA scheme, u is pre-selected as a relay to help node i for the possible retransmission. Therefore, the link cost is updated as
Accordingly,
and the optimal routing path is selected by
In fact, it can be seen from (2), (4) and (7) that the optimal routes for the above three schemes are essentially the shortest paths in graph G. Meanwhile, FA scheme can effectively improve the network lifetime by protecting the low-energy node from being a part of the selected route, but it also increases the total energy cost of the route. Further, the introduction of the cooperative nodes in LMCRTA scheme can obviously improve the end-to-end transmission performance.
2) Opportunistic routing scheme: Different from the above optimal path based routing schemes, the transmission of opportunistic routing is performed without a fixed route.
ExOR transmission scheme, as one of the most classical opportunistic routing schemes, takes advantage of the broadcast nature of the wireless medium, and divides the multi-hop packet transmission into the multiple opportunistic broadcasts, each of which allows multiple neighbors of the selected forwarder to overhear the packet transmission. Denote S n as the set of nodes that have received the packet after the n transmissions. During the n th transmission, the packet forwarder V n is selected by
where d Vn,V d denotes Euclidean distance between V n and V d , V 1 = V s . The receivers R of the n th transmission can be obtained as
After each transmission, V n and R will update according to the current transmission outcomes. This process continues until V d has successfully received the packet.
III. OPPORTUNISTIC COOPERATIVE TRANSMISSION
In this section, we provide an OCPT scheme which combines the cooperative transmission and opportunistic routing to improve the end-to-end transmission performance.
The proposed scheme starts with the packet broadcast of the source node, any of the neighbor nodes whose channel condition to the destination is better than the source will be allowed to overhear the packet. It is noted that each node that has successfully received the packet will broadcast an acknowledge (ACK) message composed of its node ID. By resolving the ACK messages from the wireless medium, any node i has the knowledge of the exact neighbor nodes which have successfully received the packet.
After the packet broadcast of source node, a set of nodes that have received the packet will initiate a cooperative packet transmission. Each transmission is composed of multiple transmitters T and multiple receivers R which is equivalent to a virtual MIMO transmission. We suppose that the cooperation is organized by a CH node which has the best channel condition to the destination. Considering that once a node is out of transmission range of destination node, the channel between them is too weak for the obtention of CSI, the channel condition of each node to the destination is measured with the Euclidean distance of these two nodes. The cluster members consist of all the nodes in the transmission radius of CH, and the main work of CH herein includes the following two parts:
• Select the cooperative transmitters, receivers and singlehop destination from the cluster members. • Organize the cooperative transmitters (including CH itself) to cooperatively transmit the packet. Fig.1 shows the n th cooperative packet transmission. As shown in Fig.1 , similar to ExOR scheme, CH V n can be selected from S n−1 by (8). The packet broadcast process of source node can be seen as the transmission without cooperation, therefore, S 0 = {V s }, and V 1 = V s . The cluster members in the n th packet transmission can be expressed as
Further, any node i has successfully received the packet and is in the cluster can join in the cooperative transmission, therefore, the set of cooperative transmitters is obtained by
Then, according to the broadcast nature of wireless medium, the node j which fails in receiving the packet and has the better channel condition than V n should act as the receiver, i.e., the set of receivers can be obtained as
Once the transmitters and receivers are determined, the nodes in T cooperatively transmit the packet to the nodes in R. Set N t = |T | and N r = |R| as the number of transmitters and receivers, respectively. The receiving SNR at node j ∈ R can be expressed as
where h j = [h j1 , h j2 ,· · ·, h jnt ] ∈ C nt represents the complex channel coefficient vector between transmitters T and node j. σ 2 denotes the noise power. w= [w 1 , w 2 ,· · ·, w nr ] T ∈ C nr is the transmit beamforming vector. To shorten the total endto-end transmission delay, the receiver V r in the best channel condition to the destination is set as the single-hop destination,
w is designed to align with h Vr , the channel coefficient vector of V r , to maximize the successful probability of packet reception for V r . Therefore, the transmit beamforming vector w with the total transmission power constraint P t can be expressed as
where (·) † stands for the complex conjugate transpose operation, and P t is the total transmission power. Therefore, substituting (15) into (13), the receiving SNR at any node j ∈ R can be determined as
It can be seen from Fig.1 that the multi-hop route is divided into multiple packet transmissions, each of which is performed as a virtual MIMO transmission among the cluster members. The formal description of our proposed OCPT scheme is presented in Algorithm 1. Starting from source V s , iteratively, the packet is cooperatively forwarded to the destination V d . Unlike the conventional cooperative schemes, where a fixed routing path need to be established firstly, the routing decisions of OCPT scheme, in contrast, are made in an online manner by choosing the transmitters and receivers for the upcoming transmission based on the actual transmission outcomes. Meanwhile, different from the conventional opportunistic routing, each transmission is performed as a cooperative virtual MIMO communication instead of the broadcast of a single relay, so that the combined signal at the intended destination can be correctly decoded.
IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed OCPT scheme is shown via simulations. Under the system setup mentioned in Sect.2.A, we simulate a network with N nodes randomly distributed in a M × M m 2 square area. Let P t σ 2 = 1. The channel h ij , ∀i = j follows i.i.d. Rayleigh fading, specifically,
follows the standard Rayleigh fading, γ 0 · (d i,j /d 0 ) −α is the path loss model, α is the path loss exponent, d 0 is a reference distance and d i,j denotes the distance between two nodes. The n ← n + 1;
5:
Update S n as the set of nodes that have received X; 6: Update V n , C n , T and R by (8),(10-12); 7: Update V r and w by (14) and (15); 8: T transmits X to R with cooperative beamforming. 9: end while packet loss probability in (17) is modeled as a function of receiving SNR referring to [20] .
where γ w denotes the waterfall threshold of channel coding [20] , [21] . Similar to [11] - [13] , [19] - [23] , the exact simulation parameters are given in TABLE I. The time is divided into sessions, and a source-to-destination pair generates in the network during each session. Each source has one packet to transmit to the destination. In the following simulations, the ExOR, LMCRTA, MTE, and FA schemes are adopted as the baselines for performance comparison. Considering that the maximum ARQ retransmission attempts in the optimal path based routing schemes are set to be one, as mentioned in Sect.2.B. To ensure a fair simulation condition, in the ExOR and OCPT schemes, we assume that if the same node acts as forwarder or CH node more than two time slots, the packet will be dropped and the packet transmission will be deemed as failure.
The performance metrics include the total number of packets arriving at destinations, packet arrival ratio, end-to-end transmission delay and transmission efficiency. We define the dead node as a node whose energy is depleted. The network lifetime is defined here as the time when the first dead node appears, and it can be measured with the number of sessions. The total number of packets arriving at destinations is tallied during the network lifetime. The packet arrival ratio indicates the ratio of the number of packets successfully arriving at destinations to the number of packets transmitted from the source nodes. Transmission efficiency is the number of packets successfully arriving at destinations divided the total time slots. The simulation results are averaged over node locations and channel realizations.
The first simulation is designed to show the end-to-end transmission delay versus different number of nodes (N ). Specially, the source V s and destination V d are fixed at (0,0) and (100,100), respectively, and the remaining (N − 2) nodes are randomly distributed in the area between V s and V d . Set the number of packets to be transmitted from V s to V d as 2000, and E 0 = 4000J. Fig.2 shows the end-to-end transmission delay versus the different number of nodes N . It can be seen from the figure that the end-to-end transmission delay of five schemes is decreasing as N increases, this is because when the number of nodes between V s and V d increases, the link between neighbors becomes more reliable, and less retransmission results in the lower transmission delay. Moreover, Fig.2 also shows that the end-to-end transmission with the proposed OCPT scheme is the lowest compared with the other schemes, which proves that the proposed scheme can effectively lower the transmission delay. OCPT scheme outperforms the conventional ExOR scheme due to the gains of cooperative diversity. Meanwhile, OCPT scheme has achieved a lower end-to-end transmission delay than LMCRTA scheme because of the advantages of opportunistic routing.
The second simulation is performed to show the total number of packets arriving at destinations during the network lifetime versus different number of nodes (N ). The sourcedestination pair randomly generates during each session. The initial energy of each node is set as E 0 = 50J and the simulation terminates while the first dead node appears. Fig.3 shows the performance with N ranging from 50 to 200. As shown in Fig.3 , with the increase of N , the total number of packets arriving at destination nodes increases. This is because on the one hand, the increase of density of nodes can reduce the distance between neighbor nodes and improve the packet arrival ratio. On the other hand, the total energy of nodes increases which prolongs the network lifetime. Meanwhile, it can be also seen from Fig.3 that the performance of the proposed OCPT scheme outperforms that of other schemes, which proves that OCPT scheme can effectively Fig. 2 . End-to-end transmission delay vs. Number of nodes with different schemes improve the capacity of packet transmission for the network.
The third simulation is designed to show the effectiveness of the proposed OCPT scheme in terms of packet arrival ratio and transmission efficiency. To give a fair comparison, we fix the total number of packets to be transmitted from the source nodes as 2000. The initial energy E 0 of each node is set as 4000 to guarantee the sufficient network lifetime. Similar to the second simulation, during each session, the source-destination pair randomly generates. Fig.4 shows the packet arrival ratio versus the number of nodes under the different schemes. As shown in Fig.4 , the packet arrival ratio of the proposed OCPT scheme increases with the increase of N which is because the increase of nodes' density improves the cooperative diversity and shortens the distance between neighbors. Moreover, Fig.4 also shows that the curves of packet arrival ratio with OCPT and ExOR schemes are higher than the remaining three schemes, this is because compared with the optimal path based routing schemes, the opportunistic routing can effectively mitigate the unreliability of wireless network. Furthermore, the proposed OCPT scheme outperforms ExOR scheme which shows the effectiveness of cooperative transmissions. Fig.5 shows the transmission efficiency versus the number of nodes with the different schemes. As shown in Fig.5 , the transmission efficiency increases with the increase of N which is because a denser network can improve the packet arrival ratio and further reduce the retransmission. Meanwhile, similar to the result of Fig.4 , it can be seen from Fig.5 that curve of the transmission efficiency with the proposed OCPT scheme is higher than that of other schemes which demonstrates OCPT scheme can improve the successful packet transmission per time slot. Moreover, with the increase of N , the performance of OCPT scheme increases faster than the optimal path based routing schemes, which shows that the opportunistic routing can make better use of the neighbors for packet transmission. Note that the performance of MTE is close to that of FA scheme, this is because a high initial energy attenuates the effect of residual energy.
V. CONCLUSION In this paper, an opportunistic cooperative packet transmission scheme combining the cooperative transmissions and opportunistic routing is proposed to improve the end-to-end transmission performance in the wireless multi-hop networks. By using the broadcast nature of radio communication, each packet transmission from the source node can be successfully overheard by a subset of its neighbor nodes among which the CH is selected opportunistically. Then, a cluster can be established by nodes around the CH after each transmission. The cooperative transmission can be seen as an intra-cluster transmission, where CH node organizes multiple transmitters to cooperatively forward the packet to multiple receiving nodes. The simulation results show that the network with the proposed scheme can support a higher number of successful packets transmissions in comparison with other existing routing schemes. Furthermore, the proposed scheme can effectively shorten the end-to-end transmission delay, improve the packet arrival ratio and transmission efficiency.
